Abstract
Introduction
Active metals cannot be obtained without an initial thin film covering the surface, as have already been observed in the cases of Cd, Fe, Ni, Pb, Sn, Zn, valve metals, etc. For this reason, the studies of oxide growth on these metals are found very important. The growth of passivating films on metals under voltammetric conditions gives rise to peaks or polarographic waves in current/potential plots. This phenomenon is related to the active/passive transition, or growth of a continuous film on the metal surface.
Some electrochemical processes, such as electrodeposition of metallic ions [13] or growth of oxide on metals [48], can be considered as processes presenting ohmic behaviour. The Ohmic model developed by D'Alkaine [4] describes the relation between the current density and the film overpotential during the growth of passivating film under voltammetric conditions. This model considers that the relation between the electrode potential E and overpotential at the metal/film/solution interface is given by: E = m/f + f + EF (1) In Eq. (1) ηm/f is the overpotential at the metal/film interface, ηf is the overpotential across the film and EF is the Flade potential. The overpotential at the film/solution interface is considered constant, i.e. independent of the current density, j.
The relation between current density (j) and overpotential at the metal/film interface (ηm/f) is given by the general expression:
In Eq. (2),
j is the exchange current density at zero m/f, f is F/RT, αa and αc are anodic and cathodic transfer coefficients, while n is charge of the metal ion in the film. If Vf and qf are respectively the volume per charge unit and the charge density related to the growing film, then the film thickness, ℓ, is given by:
The qf value can be calculated as:
In Eq. (4) q0 is the charge density related to the amount of film initially present at the beginning of the voltammetric growth and qvolt is the charge density related to the amount of film which has grown on the metal surface during the voltammetric experiment. Ei is the initial potential, E is the potential attained and ja is anodic component of the current density, taking into account Eq. (2).
For peak or plateau, transient conditions during voltammetric growth of a film on a metal surface, the following equation should be valid for any model:
In Eq. (5) ηf.p is the overpotential across the film at the voltammetric peak, v is the sweep rate, jp is the current density at the peak and qf,p is the peak or plateau charge density.
In the case of the Ohmic model, the relation between j and ηf, even at high fields, is given as:
In Eq. (6), ρf is the average ionic specific resistivity of the film. The Ohmic model takes into consideration that at the beginning of the scanning, the current density increases as a consequence of reduction of ionic resistivity of the film due to injection of defects in the film. Beyond the peak potential, it is possible to observe reduction of the current density, what is explained by ageing of the oxide film. This phenomenon turns the film more resistive to the passage of the current due to recombination of defects and to structural rearrangement [4] . This model, however, contains an intrinsic difficulty related to impossibility to determine ρf and Vf separately, using only electrochemical measurements. Despite this fact, many authors [48] applied the Ohmic model, considering the volume per charge unit (Vf) as the constant equal to:
In Eq. (7) M is the molar mass of the film, δ is density of the film, n is the number of electrons and F is the Faraday's constant.
The real values of Vf during the voltammetric growth could only be determined by independent measurements of the film thickness. The aim of the present work is to study the voltammetric growth of tin oxides in a solution of phosphate (pH 8.7) applying the Ohmic model. This solution was chosen in view of stability of the passive film on tin at this pH, avoiding thus loss by chemical dissolution [9] . At the same time, there are some early studies concerning the passivating species under voltammetric growing conditions in the pH range 8-9 [10] [11] [12] [13] [14] . The thickness of the oxides grown by voltammetry will be determined by ex-situ ellipsometric measurements in an order to verify the intrinsic difficulty explained above. The ex-situ condition was first examined as a preliminary study in order to verify stability of the film in the atmosphere.
Experimental

Electrochemical measurements
The working electrode was made of a tin disc (99.999 % of purity) with the circular area of 50 μm 2 . Before the experiments, the electrode surface was polished with 600-emery paper.
The electrochemical experiments were performed using the EG&G Princeton Applied Research Model 273A potentiostat. Reagents PA and purified water (Millipore Q system) were used. The electrolyte solution was 0.18 mol L -1 Na2H2PO4 + 0.18 mol L -1 KH2PO4, pH 8.7. The experiments were carried out in a conventional three-compartment electrolysis cell, using a platinum wire as the counter and Hg/Hg2Cl2/KCl (1 M) as the reference electrode, respectively.
All current and charge densities are given in terms of the geometric surface area of the analyzed samples.
Anodic voltammetries were carried out at sweep rates of 2, 5, 10, 20, 70, 100, 200, 300 and 400 mV s -1 , always using the same sample. For this purpose, before each voltammetry experiment, the previously grown oxide film was reduced at constant cathodic potential equal to -1.2 V during 600 s. After this treatment, the obtained voltammograms were reproducible, indicating that surface roughness of samples was also reproducible.
Ellipsometric measurements
Ellipsometry [15] is a powerful and non-destructive technique, which allows one to access optical and dielectric properties of various materials in different forms (solids, liquids, and gases), as well as thicknesses of thin films [1617] . It can also be used to monitor and analyze both in-situ [1819] and ex-situ [20] experiments. Ellipsometry considers the change in the polarization state of incident light upon reflection from the studied material. Initially it accesses the ellipsometric parameters  and . These parameters are connected by the fundamental equation of ellipsometry [16] :
In Eq. (8), Rp and Rs stand for the complex Fresnel reflection coefficients for p and s polarized light beams, respectively.  is the amplitude ratio for the reflected and polarized components (p and s), while  represents the phase difference between reflected p and s polarizations, created by reflection from the material. nj, kj, dj are, respectively, the refractive index, the extinction coefficient and thickness of the j th layer of the material. The ex-situ ellipsometric measurements were made using a SEMILAB spectroscopic ellipsometer, model SOPRA GES 5E, equipped with a Xe lamp, over the spectrum range of 195 -1,000 nm. The investigation of the thickness of oxide films grown on the substrate of tin has been performed in air and at ambient temperature using the incident angle of 75°. As an indirect technique, it is necessary to model the material structure with its film layers in an order to obtain each layer film thickness. The thicknesses of the oxide films were obtained by analyzing the measured ellipsometric spectra through the Drude and Gauss model [16] .
Results and discussion
As was explained before, in an order to obtain reproducibility, the voltammetric experiments were always carried out using the same sample. Before each voltammetry measurement, the oxide grown in the previous experiment was reduced at the constant cathodic potential during 600 s. This cathodic treatment was sufficient to reproduce the initial roughness of the surface, which was verified by reproducible voltammograms obtained at the same sweep rate and shown in Fig. 1 . The anodic voltammograms for tin oxide growth at different sweep rates are shown in Fig. 2 . From these results, the overpotential values in the film at the peak condition (ηf,p) were calculated using the Eq. (5). The value of q0 in Eq. (4) was first considered equal to 0.0 C m -2 . The curve j vs. potential at the metal/film interface (Em/f), also shown in this Figure, is obtained after correction of the ohmic drop through the film at the peak potential (Ep -ηf,p). The Tafel plot of the curve j vs. Em/f in Fig. 2 is represented in Fig. 3 . In order to provide the best straight line region of the Tafel plot, the value of q0 was taken equal to 2.5 C m -2 . Fig. 4 presents the obtained result.
From these results, the obtained Tafel slope (ba) is equal to 41.995 mV dec -1 . By using Eq. These results turn possible to determine the overpotential at the film (ηf) for any growing condition of the film beyond the peak condition. This can be done by calculating the difference of the potential in the voltammogram at any sweep rate and the potential in the curve j vs. Em/f for a given current density. This is shown in Fig. 5 for the voltammogram at 400 mV s -1 .
Thus, by calculating, ηf values for each potential of each voltammetry experiment, it becomes possible to determine the ionic specific resistivity of the film (ρf) and its variation with E and v using Eq. (6). As was explained in the introduction of this work, the real values of Vf during the voltammetric growth could only be determined by an independent way of measuring the thickness of the film according to the following equation:
In Eq. (10), ℓ is thickness and A is surface area the working electrode. The thicknesses of oxides films grown at 2 mV s -1 were measured by ex-situ ellipsometry. This condition was chosen because using this sweep rate, higher thicknesses can be achieved. Fig. 6 presents the final potential (Ef) of each voltammetry experiment performed at 2 mV s -1 . As pointed out before, spectroscopic ellipsometer was used to obtain thin oxide film thicknesses for various charge densities. The proposed oxide layer structure is presented in Fig. 7 . This oxide layer structure can be optically modelled using the both known refractive index (n) and extinction coefficient (k) of an available library (nk files) or dispersion relations for each of its layer constituents. Using the Drude and Gauss dispersion relations [16] for the film, the excellent fit was obtained between the used model and experimental data.
SnO2
SnO Sn Substrate It is clear from the graphs in Fig. 8 In the preliminary experiment, a sample was left in the atmosphere during 24 h in order to measure the stabilized oxide film thickness and the resulting value was 2.0 nm. In Table 1 , however, one can notice that the lowest average thickness for the film grown in conditions of voltammetric
experiments was 3.37 nm. This suggests that here obtained results are significantly influenced by the voltammetric way of film growth.
Using the experimentally found values of average thicknesses, Eq. (10) was applied and Vf was determined for the values of charge density of voltammetry grown films at 2 mV s -1 . The results are shown in Table 2 and Fig. 9 . Data in Table 2 and Fig. 9 show that the values of Vf significantly decrease until 50 C m -2 of charge density of the film is achieved. This suggested that the film is less dense for lower values of charge density and becomes denser as the thickness increases [22] . Besides that, the value of Vf for charge density of 26.6 C m -2 is close to the value of Vf calculated by Eq. (7), considering a film of SnO (1.08×10 -10 m 3 C -1 ). For higher values of charge density, the value of Vf turns close to the value of Vf calculated considering a film of SnO2 (0.568×10 -10 m 3 C -1 ). These results suggest that changes in the composition of the film are taking place as the potential turns more anodic. In fact, Duc and Tissot [23] , studying the oxidation of tin in neutral phosphate solution, suggested that Sn(OH)2 or SnO and Sn(OH)4 or SnO2 are present on the electrode surface at the beginning of polarization. At more anodic potentials only stannic species are formed. Electrochemical behavior of tin has also been studied in aqueous alkaline solutions [10] [11] 14, [24] [25] [26] [27] [28] [29] . The authors considered that primary passivation occurs due to formation of Sn(OH)2 or SnO film by a dissolution-precipitation mechanism. The final passivation is characterized by a continuous film of Sn(OH)4 [10] . Then, more stables species like SnO2 or SnO2.H2O can be formed from dehydration of this last film [9] . Some authors have suggested a duplex film [28] , consisting of 5SnO 2H2O and SnO2.H2O [29] . All these results emphasized importance of ellipsometric measurements in order to determine the thickness of the films. In fact, the exact composition of the film cannot be determined electrochemically.
By introducing experimentally determined Vf values into Eq. (6) the values of ρf can be calculated. Fig. 10 illustrates the results obtained using the values of charge density in Table 2 for the case of the voltammetry experiment at 2 mV s -1 . As can be observed in Fig. 10 , ρf passes through a minimum (justifying the maximum in current densities). This behavior was also found by other authors for Zn, Nb, Ni and galvanized steel sheets [48] . According to the theory, this happens because the passage of current in the film of initial thickness (q0) generates injection of specific defects, what resulted in decrease of ρf (inversely proportional to concentration of defects) [48] . Increase of recombining specific defects (interstitial and cationic vacancies) in the film ends up by generating the recombination reaction (interstitial cation + cationic vacancy → cationic net), and making ρf to increase again [48].
Conclusions
The ex-situ ellipsometric measurements of the thickness of tin oxides film grown by voltammetry experiments at 2 mV s -1 in the studied solution showed that the film is less dense for values of charge density below 50 C m -2 having Vf near 5.7×10 -10 m 3 C -1 . For higher values of charge density, the film becomes denser having Vf near 0.5×10 -10 m 3 C -1 .
From the experimentally determined values of Vf, the values of the variable ionic resistivity of the film during the voltammetric growth, ρf, were calculated. The behavior of ρf versus the charge density of the film was like that found by other authors in the cases of Zn, Nb, Ni and galvanized steel sheets. ρf ionic specific resistivity of the film, Ω m
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